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Abstract
We construct single input logic gates using the energy sharing collisions of a
minimal number of (three) bright optical solitons associated with the three
soliton solution of the integrable Manakov system. As computation requires
state changes to represent binary logic, here we make use of the state change
of a particular soliton during its sequential collision with other two solitons
for constructing single input gates. As a consequence, we clearly demonstrate
the construction of various one-input logic gates such as COPY gate, NOT
gate and ONE gate using energy sharing three soliton collision of Manakov
system. This type of realization of logic gates just from a three soliton
collision (pair-wise interaction) is clearly distinct from the earlier studies
which require separate collisions of four solitons.
Keywords: Optical solitons; Energy sharing collisions, Manakov system;
Logic gates
1. Introduction
The recent developments in optical computing, quantum computing, com-
puting via chaos suggest that light can be used to execute logical operations
instead of discrete electronic components used in the present day computer
[1]. In this work, we focus on collision based computation involving energy
sharing collisions of solitons in nonlinear media. Here, computation occurs
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by the pair-wise collisions of solitons, where each soliton bears a finite state
value before collision, and state transformations occur at the time of collisions
between solitons.
Collision based computation can be realized in several physical and chem-
ical systems such as cellular automata [2], fiber couplers [3], Josephson junc-
tion [4], etc. This collision based computing originally introduced in conser-
vative computation such as a billiard ball model [5] and its cellular automaton
analogues [6], presents a novel approach of computation with mobile physi-
cal objects (e.g., billiard balls, chemical particles, self-localized patterns on
cellular automata, and so on). The well-established problems of emergent
computation and universality in cellular automata have been tackled by a
number of researchers in the past 35 years [7, 8, 9, 10] and still remains as
an active area of theoretical computer science and nonlinear science. The
best-known universal automaton is the Game of Life [11]. It was shown to
be universal by Conway in Ref. [12] who simulated logic gates by the Game
of Life. An evolutionary algorithm searching for collision-based computing
in cellular automata has been presented in Ref. [2]. Here, the AND gate has
been simulated by the Game of Life. Also Adamatzky et al. demonstrated
exact implementation of basic logical operations with signals in Belousov-
Zhabotinsky medium [13] and the experimental realization of logic gates has
been presented in Ref. [14]. On the other hand, in fiber couplers a full set
of logic functions including AND, NAND, XOR, NOT and OR gates are nu-
merically demonstrated using two-core and three-core fiber coupler switches
operating in the continuous wave regime [3]. Especially, it has been shown
that the logic gates AND, OR and XOR can be constructed from an asym-
metric two-core fiber coupler and in the symmetrical three core fiber coupler
NAND, AND, OR, XOR and NOT logical gates can be realized. Likewise,
using Josephson junction, collision based (fusion) computing has been per-
formed in Ref. [4].
Using light field as carrier of information in modern day computers, which
now employ electrons, has several advantages like faster speeds, smaller com-
puters and less heat dissipation. To be specific, light creates virtually no heat
when it travels while the electric current used in present day computers ra-
diates a lot of heat. Additionally, light has the ability to pass through other
beams of light. Two laser beams (pulses) can cross each other whereas elec-
tric currents cannot do this and the present computers are designed such
that they never admit cross paths. Since the beam of light can cross each
other, less space is required. This would result in smaller computers. Too
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many transistors used in modern day computers will also slow down the
processor speed and metallic wires limit the speed of transmission whereas
in a single light path, several data sets can be transmitted parallely at the
same time using different wavelengths/polarizations. The higher parallelism
and the faster velocity of light allow extreme processing speeds. These im-
portant characteristics of light suggest us to look for optical computing. In
the pioneering work, Jakubowski, Steiglitz and Squier (JSS)[15] designed se-
quences of solitons operating on other sequences of solitons that effect logic
operations, including controlled NOT gate. In this paper we have shown the
explicit construction of one-input logic gates using three soliton collisions.
For this purpose, we consider the pico-second pulse propagation in a
lossless strongly birefringent Kerr-type optical fiber [16, 17, 18] with local and
instantaneous response in the anomalous dispersion regime which is governed
by the following celebrated Manakov system [19]:
iq1,z + q1,tt + 2
(
|q1|
2 + |q2|
2
)
q1 = 0, (1a)
iq2,z + q2,tt + 2
(
|q1|
2 + |q2|
2
)
q2 = 0, (1b)
where q1 and q2 are the complex amplitudes of the first and second com-
ponents, the subscripts z and t represent the partial derivatives of the nor-
malized distance along the fibre and the retarded time, respectively. Here,
solitons are used to carry the information inside the nonlinear medium and
computation occurs when these solitons collide. Manakov solitons have been
observed experimentally in Ref. [20]. These Manakov solitons undergo fas-
cinating energy sharing collision as well as standard elastic collision . Rad-
hakrishnan, Lakshmanan and Hietarinta [21] have obtained the two-soliton
solution of the integrable Manakov system and revealed that solitons in this
system exhibit intriguing shape changing or energy sharing collisions which
subsequently have been well studied in Refs. [22, 23, 24] and various types
of energy sharing collisions have been observed in different multicomponent
systems in [23, 25, 26, 27, 28] . However, computation requires state changes
to represent binary logic and the energy sharing collision properties of Man-
akov solitons suggest their feasibility for computation. A salient feature of
this kind of computation is that it performs conservative logic operations as
the collisions preserve total energy of the Manakov system irrespective of
their state change. Collision dynamics of energy sharing solitons in Man-
akov system and its application in computing are studied in detail in Refs.
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[22, 23, 24]. Below, we first review this exciting energy sharing collision and
then discuss the principle and our construction procedure of one-input logic
gates.
2. Brief review of developments of soliton collision based optical
logic gates construction
The Manakov system (1) describes the propagation of an intense elec-
tromagnetic wave in a two mode /birefringent fibre as mentioned in the
introduction. Here, interaction between the field components results in in-
tensity dependent nonlinear cross-coupling terms. In 1973, Manakov [29]
solved the set of coupled nonlinear evolution equations (1) using the inverse
scattering transform method and obtained multisoliton solutions. Later, in
Ref. [21] fascinating collision properties of bright solitons in the Manakov
system have been revealed. Also, here the polarization parameters bring an
additional freedom so that there occurs an amplitude/intensity redistribution
among the colliding solitons. As a consequence of this, a particular soliton
in a given component can enhance its intensity along with suppression in
the other component. There will also be commensurate changes in the other
soliton. Thus in this interesting collision process, solitons in a given com-
ponent exchange energy in order to conserve the energy in that component.
Additionally, the solitons in different components also exchange energy so
that the total intensity is also conserved. JSS [15] found that this energy
sharing collision can be profitably used for performing nontrivial information
transformation. In Ref. [15] the state change undergone by each colliding
soliton was expressed as a linear fractional transformation (LFT). This trans-
formation depends on the total energy and velocity of the solitons which are
invariant under collision. JSS designed sequences of solitons operating on
other sequences of solitons that effect logic operations, including controlled
NOT gate. In this operation, both data and logic operators have the self-
restoring and re-usability features of digital logic circuits. Also, numerical
simulation of an energy switching NOT processor was implemented in the
Manakov system. It was suggested that it might be possible to use these
light-light interactions to do general computation in a bulk medium, without
interconnecting discrete components.
In 2000, Steiglitz [30] extended the work to the Manakov (1+1) dimen-
sional spatial solitons for performing arbitrary computation in a homoge-
neous medium with beams entering only at one boundary. Here both the
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dimensions are spatial. For computational purpose, separate collisions of
four solitons (three down moving vertical solitons and one left moving hor-
izontal soliton known as actuator soliton) were considered for computing
one-input gates. The down moving vertical solitons collide with the fixed
actuator soliton and therefore the use of three collisions and a fixed actuator
makes more flexible gates possible. The COPY gate, FANOUT gate , NOT
gate and the universal NAND gate were designed theoretically in Ref. [30].
Rand et al. [31] have shown the signal standardization in collision based soli-
ton computing. It is completely based on bistable configuration of Manakov
solitons. Kanna and Lakshmanan [23, 22] have shown systematically how
the LFT follows from the two soliton collision, and generalized the results to
multicomponent case which has the advantage of realizing multistate logic
rather than binary logic. There itself a theoretical study has been presented
to view the four soliton collision as one-input gate and the corresponding
mathematical conditions have been derived. It is of natural interest to look
for less number of soliton collisions for constructing logic gates by incorporat-
ing new ideas and modifying the earlier suggestions for further development
of this technologically important topic of research. For this purpose, in this
paper we focus to construct the one-input gates such as COPY, NOT and
ONE gate using only by the collisions of three solitons. This type of realiza-
tion of logic gates just from a three soliton collision (pair-wise interaction)
is clearly distinct from the earlier studies which require separate collisions of
four solitons. As computation requires state changes, below we define suit-
able complex state vector to represent the state of a soliton as was done in
Ref. [23].
3. Soliton characterization of Manakov system
Let us first consider the one soliton solution obtained in Ref. [23] using
the Hirota’s method. One can write down the explicit one-soliton solution as
(
q1
q2
)
=
(
α
(1)
1
α
(2)
1
)
eη1
1 + eη1+η
∗
1+R
=
(
A1
A2
)
k1Re
iη1I
cosh (η1R +
R
2
)
, (2)
where η1 = k1(t + ik1z) = η1R + iη1I , Aj =
α
(j)
1[(
|α
(1)
1 |
2+|α
(2)
1 |
2
)]1/2 , j = 1, 2 and
eR =
(
|α
(1)
1 |
2+|α
(2)
1 |
2
)
(k1+k∗1)
2 . Note that the above one-soliton solution is characterized
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by three arbitrary complex parameters α
(1)
1 , α
(2)
1 and k1. Here the amplitude
of the soliton in the first and second components (modes) are given by k1RA1
and k1RA2, respectively, subject to the condition |A1|
2 + |A2|
2 = 1, while
the soliton velocity in both the modes is given by 2k1I . Here k1R and k1I
represent the real and imaginary parts of the complex parameter k1. The
quantity R
2k1R
= 1
2k1R
ln
[(
|α
(1)
1 |
2+|α
(2)
1 |
2
)
(k1+k∗1)
2
]
denotes the position of the soliton.
In a similar fashion, one can characterize the two-soliton and three-soliton
solutions respectively by six (α
(j)
i ’s and ki’s, i, j = 1, 2) and nine (α
(j)
i ’s and
ki’s, i = 1, 2, 3, j = 1, 2) arbitrary complex parameters. For the explicit
expression of two and three soliton solutions, one can refer to [23].
4. Theory of construction of one-input−one-output gates
4.1. State of a soliton
We consider the collision of three solitons. This collision is completely
described by the three-soliton solution given in Appendix, in Gram determi-
nant form for simplicity. Here, we assume that kjR > 0; k1I > k2I > k3I ,
without loss of generality, where the suffices R and I in kj denote the real
and imaginary parts. According to our assumption, the first collision occurs
between solitons S1 and S2, then the resulting soliton, say S
′
1, after the first
collision is allowed to collide with the third soliton S3. Finally, the resulting
solitons S ′2 and S
′
3 collide with each other. Schematic representation of the
above discussed three-soliton collision sequence is given in Fig. C.1. One
can look into Refs. [23, 24] for a clear picture of this collision process, where
detailed asymptotic analysis of the above mentioned three soliton solution
has been presented. Let the state of any soliton be represented by a complex
state vector (ρ). If we consider the single soliton solution spread up in two
components then ρ is given by the ratio of the two components
ρ =
q1
q2
. (3)
Here in the three soliton collision, we deal with the asymptotic states of
the three colliding solitons. The corresponding asymptotic states of the jth
(j = 1, 2, 3) soliton are defined below:
ρj± =
qj1(z → ±∞)
qj2(z → ±∞)
=
Aj±1
Aj±2
, j = 1, 2, 3. (4)
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where Aj±1,2 are the polarization components (1,2) of the solitons (1,2 or 3)
in a three soliton collision process. In the expression (4), suffix denotes the
components, +(−) denote after (before) collision and superscript j represents
the soliton number. For completeness, we present the expressions of A2−1,2 and
A3+1,2 in the Appendix. From the asymptotic analysis, the state of soliton S2
before interaction is represented by
ρ2− =
A2−1
A2−2
=
N2−1
N2−2
=
α
(1)
1 κ21 − α
(1)
2 κ11
α
(2)
1 κ11 − α
(2)
2 κ21
, (5)
Similarly, the state of soliton S3 after interaction is evaluated as
ρ3+ =
A3+1
A3+2
=
α
(1)
3
α
(2)
3
. (6)
4.2. Idea behind the construction
In general, the collisions of solitons inside the nonlinear medium imple-
ment computation where the data inputs are encoded in the states of the
incoming solitons and the output of the system is encoded in the state of a
particular outgoing soliton after collision. It is not necessary for every soli-
ton involved in the collisions to carry the input or the output data; some
soliton may be needed to supply non-data inputs (to induce energy sharing
collision). Here, as an example, soliton S1 is just used to induce the shape
changing/energy sharing interaction among the three solitons. The input of
a particular logic gate is assigned to soliton S2 (which can be viewed as an
input port) before interaction and the favorable output is drawn from a par-
ticular outgoing soliton (say S ′′3 ) resulting after two consecutive interactions
of S3 with S1 and S
′
2, respectively.
Having explained the physical set up, now we propose a simple method
of constructing one-input gates like COPY, NOT, and ONE gates using the
above equations (5) and (6). In the context of collision based optical com-
puting, “0” and “1” states are represented by the ratio of the polarization
components of the solitons. Before interaction, if that ratio for the soliton S2
is greater than a threshold value (say 1) then we denote the corresponding
input state as “1” state. In a similar fashion, the “0” state is attained when
the ratio (5) is less than that threshold value. Note that the threshold value
can be complex. However, here for convenience we assume it to be real. For
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convenience, we choose the parameters of soliton 1 (S1) as α
(1)
1 = α
(2)
1 = 1.
Using this, in Eq.(5) we get
|ρ2−|2 =
AA∗|Z|2 + AB∗Z +BA∗Z∗ +BB∗
BB∗|Z|2 + AB∗Z∗ +BA∗Z + AA∗
, (7)
where A = k1−2k2−k
∗
1 , B = k1+k
∗
1 and Z =
α
(1)
2
α
(2)
2
. From a physical point of
view intensities are measurable quantities. Ultimately, in terms of intensities
the conditions for achieving “1” and “0” states are given respectively by
|ρ2−|2 > 1 and |ρ2−|2 < 1. In Eq. (7), we also consider the parameter Z as
real so that α
(1)
2 and α
(2)
2 are real. For achieving the “1” state (|ρ
2−|2 > 1),
we obtain a constraint condition on the parameter Z as
α
(1)
2
α
(2)
2
> 1 from Eq.
(7) and
α
(1)
2
α
(2)
2
< 1 for achieving the “0” state at the input. However, it is
not difficult to extend the analysis for complex Z. If Z is complex, then the
conditions for achieving “1” and “0” states at the input are given by the
following equations, respectively.
(AA∗ −BB∗)(1− |Z|2) > DZ +D∗Z∗, (8)
(AA∗ − BB∗)(1− |Z|2) < DZ +D∗Z∗, (9)
where D = AB∗ − BA∗.
5. Demonstration of construction of one-input logic gates using
three soliton collisions
5.1. COPY gate
Table 1: Truth table of COPY gate
Input (S2) Output (S
′′
3 )
0 0
1 1
Table 2: Intensity table of COPY gate
Input (S2) Output (S
′′
3 )
0.1 0.1
6.6 6.6
To start with, let us consider copying the input “1” state at the output
using three soliton collisions. For this purpose, the three solitons S1, S2
and S3 are allowed to collide with one another in a sequence as depicted
in Fig. C.1, where soliton S1 is just used to induce the shape changing
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collision among the three solitons. For convenience, again we assume the
soliton S1 parameters as α
(1)
1 = α
(2)
1 = 1 and the parameter Z as real. In
order to copy the “1” input state of the soliton S2 (before interaction) to the
outgoing soliton S ′′3 (after interaction), we require the following conditions to
be imposed on soliton S2 and soliton S3 parameters which are obtained from
equations (5) and (6):
α
(1)
2 > α
(2)
2 , (10a)
α
(1)
3 =
(k1 − k2)α
(1)
2 − (k2 + k
∗
1)α
(1)
2 + (k1 + k
∗
1)α
(2)
2
(k1 − k2)α
(2)
2 − (k2 + k
∗
1)α
(2)
2 + (k1 + k
∗
1)α
(1)
2
α
(2)
3 . (10b)
Figure C.2 depicts the copying of “1” state of soliton S2 at the output port
S ′′3 with the parameters fixed at k1 = 1 + i, k2 = 1.5 − 0.5i, k3 = 2 − i,
α
(1)
2 = 5, α
(2)
2 = 2, α
(2)
3 = 0.5 − 0.2i. Theoretically, we define that “1” input
state is attained when the ratio of polarization components and hence the
ratio of intensities of the asymptotic forms of solitons in both the components
is greater than 1. This is verified by calculating the ratios of the intensities
of the soliton S2 well before collision (input) and the soliton S3 after collision
(output). Indeed, the calculated values are |ρ2−|2 = |ρ3+|2 = 6.6 which
is greater than the intensity ratio threshold value 1 and ensure tat they
are in “1” state. Figure C.3 demonstrates the process of copying “0” state
with the same parametric choice except that α
(1)
2 < α
(2)
2 and the values are
α
(1)
2 = 2, α
(2)
2 = 5. The calculated values of the ratios of intensities of the
solitons S2 and S3 are |ρ
2−|2 = |ρ3+|2 = 0.1, which are less than the intensity
ratio threshold value 1 and hence they are in the “0” state. Thus, we have
copied “0” state of soliton S2 at the input to the outgoing soliton S3. Since
the Manakov system (1) is dimensionless, the intensities of solitons have no
units. The truth table and the corresponding intensity table of COPY gate
are given in tables I and II.
5.2. NOT gate
Table 3: Truth table of NOT gate
Input (S2) Output (S
′′
3 )
0 1
1 0
Table 4: Intensity table of NOT gate
Input (S2) Output (S
′′
3 )
0.2 4.7
5.2 0.2
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Similar to the COPY gate, here also input is given to soliton S2 before
interaction and the favorable output is taken from soliton S3 after interaction.
Figure C.4 shows flipping of “1” input state in soliton S2 before interaction
into “0” output state in soliton S3 after interaction for the parametric choice
k1 = 1 + i, k2 = 1.2 − 0.5i, k3 = 1.4 − i, α
(1)
2 = 4, α
(2)
2 = 1, α
(1)
3 = 0.5 − 0.2i.
Here α
(1)
2 is greater than α
(2)
2 , for which the input of soliton S2 is in “1”
state. From the figure, the calculated value of ratio of intensities is 5.2, i.e.
|ρ2−|2 = 5.2(≈ 5). In order to get the favorable output, the requirement on
the α parameter of soliton S3 is
α
(2)
3 =
[
(k1 − k2)α
(1)
2 − (k2 + k
∗
1)α
(1)
2 + (k1 + k
∗
1)α
(2)
2
(k1 − k2)α
(2)
2 − (k2 + k
∗
1)α
(2)
2 + (k1 + k
∗
1)α
(1)
2
]
α
(1)
3 . (11)
After interaction, the intensity of soliton S3 is 0.2 (i.e. |ρ
3+
1,2|
2 = 0.2) which
is less than the intensity ratio threshold value 1 and hence the output is in
“0” state. In a similar fashion, with the above parametric choice except that
α
(1)
2 < α
(2)
2 , the “0” input state in soliton S2 is flipped into “1” output state
in soliton S3 as shown in Fig. C.5, where α
(1)
2 = 1 and α
(2)
2 = 4. The ratios
of intensities of S2 and S3 before and after interaction are calculated as 0.2
and 4.7 (i.e, |ρ2−|2 = 0.2, |ρ3+|2 = 4.7(≈ 5)), respectively, corresponding to
“0” input and “1” output states. The truth table and the corresponding
intensity tables are also given (see tables III and IV).
5.3. ONE gate
Table 5: Truth table of ONE gate
Input (S2) Output (S
′′
3 )
0 1
1 1
Table 6: Intensity table of ONE gate
Input (S2) Output (S
′′
3 )
0.1 6.8
6.6 6.6
In order to get the “1” output state always irrespective of the input
states, we restrict the soliton S3 parameters such that |α
(1)
3 /α
(2)
3 |
2 > 1. If
α
(1)
2 > α
(2)
2 , that is “1” input state is fed into soliton S2 before interaction,
we get “1” output state in soliton S3 for the parametric choice k1 = 1+i, k2 =
1.5 − 0.5i, k3 = 2 − i, α
(1)
2 = 5, α
(2)
2 = 2, α
(1)
3 = 2.5807, α
(2)
3 = 1 which is
shown in Fig. C.6. This is verified by calculating the ratio of the intensities
of solitons S2 and S3 in both the components q1 and q2. They are obtained
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as |ρ2−|2 = |ρ3+|2 = 6.6. Here both of the input and output solitons are in
“1” state. Figure C.7 again depicts the one gate for the above parametric
choices except that α
(1)
2 < α
(2)
2 ,for which the input state in soliton S2 is “0”
state. The parametric values of α
(1)
2 and α
(2)
2 are 2 and 5, respectively. The
calculated values of the ratios of intensities of solitons S2 and S3 before and
after interaction are |ρ2−|2 = 0.1 and |ρ3+|2 = 6.8, respectively, corresponding
to “0” input and “1” output states. One can refer tables V and VI for the
truth table and the intensity table of ONE gate.
6. Conclusion
We have explicitly demonstrated the construction of various one-input
logic gates, namely COPY gate, NOT gate and ONE gate, using energy
sharing three soliton collisions of the Manakov system. The principle behind
the construction of such gates is to fix a threshold for the state variable and
designate the states above the threshold as “1” state and those below the
threshold as “0” state. Here, for demonstration purpose we have chosen the
threshold values to be real. However, they can also be complex. In a three
soliton collision process, by considering a particular soliton before interaction
as an input soliton, one can perform the desired logic operation on the other
colliding soliton after interaction. It is remarkable to notice that for a given
gate (NOT/ONE/COPY) the numerical values of the “1” and “0” state are
almost same at the input port and output port. Here the successive energy
transfer is achieved by an activator soliton S1. Thus for the construction of
one-input gate, we require only three solitons. This type of realizing logic
gates just from a three soliton expression describing pair-wise interaction of
three soliton is clearly distinct from the earlier studies [15, 30] which require
separate collisions of four solitons for realizing NOT/ONE/COPY operation.
Thus our proposal of realizing multisoliton structures (exhibiting by multi-
soliton collisions) themselves as logic gates will have its own advantage in
their experimental realization. To our knowledge, for the first time we have
explicitly explained the functioning of logic gates using three soliton solu-
tion itself. We do believe that this study will develop a new avenue towards
the experimental studies on optical computing using optical soliton collisions
based on multisoliton solutions. Using this idea, one can also construct two
input logic gates including universal NOR/NAND gate with higher number
of solitons. Work is in progress in this direction.
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Appendix A. Three soliton solution of the Manakov system
We can write down the three soliton solution of the Manakov system in
Gram determinant form as below:
qs =
g(s)
f
, s = 1, 2. (A.1a)
where
g(s) =
∣∣∣∣∣∣∣∣∣∣∣∣∣∣
A11 A12 A13 1 0 0 e
η1
A21 A22 A23 0 1 0 e
η2
A31 A32 A33 0 0 1 e
η3
−1 0 0 B11 B12 B13 0
0 −1 0 B21 B22 B23 0
0 0 −1 B31 B32 B33 0
0 0 0 −α
(s)
1 −α
(s)
2 −α
(s)
3 0
∣∣∣∣∣∣∣∣∣∣∣∣∣∣
, (A.1b)
f =
∣∣∣∣∣∣∣∣∣∣∣∣
A11 A12 A13 1 0 0
A21 A22 A23 0 1 0
A31 A32 A33 0 0 1
−1 0 0 B11 B12 B13
0 −1 0 B21 B22 B22
0 0 −1 B31 B32 B32
∣∣∣∣∣∣∣∣∣∣∣∣
, (A.1c)
where Aij =
eηi+η
∗
j
ki + k
∗
j
, and Bij = κji =
(∑N
s=1 α
(s)
j α
(s)∗
i
)
(kj + k
∗
i )
, i, j = 1, 2, 3. One
can refer Eq. (10) of Ref. [23] for the explicit expression of the above Gram
determinant form of three soliton solution.
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Appendix B. Asymptotic analysis of 3-soliton solution of the Man-
akov system
Considering the above three soliton solution (A.1), without loss of gen-
erality, we assume that the quantities k1R, k2R, and k3R are positive and
k1I > k2I > k3I . For this condition, the variables ηiR’s, i = 1, 2, 3, for the
three solitons (S1, S2, and S3) take the following values asymptotically:
(i) η1R ≈ 0, η2R → ±∞, η3R → ±∞, as z → ±∞,
(ii) η2R ≈ 0, η1R → ∓∞, η3R → ±∞, as z → ±∞,
(iii) η3R ≈ 0, η1R → ∓∞, η2R → ∓∞, as z → ±∞.
We have the following limiting forms [23] of the above three-soliton solu-
tion.
(i)Before Collision (limit z → −∞)
(a) Soliton 1 (η1R ≈ 0, η2R → −∞, η3R → −∞):(
q1
q2
)
≈
(
A1−1
A1−2
)
k1Rsech
(
η1R +
R1
2
)
eiη1I , (B.1a)
(
A1−1
A1−2
)
=
(
α
(1)
1
α
(2)
1
)
e
−R1
2
(k1 + k∗1)
. (B.1b)
(b) Soliton 2 (η2R ≈ 0, η1R →∞, η3R → −∞):(
q1
q2
)
≈
(
A2−1
A2−2
)
k2Rsech
(
η2R +
R4 −R1
2
)
eiη2I , (B.2a)
(
A2−1
A2−2
)
=
(
eδ11
eδ12
)
e−
(R1+R4)
2
(k2 + k∗2)
. (B.2b)
(c) Soliton 3 (η3R ≈ 0, η1R →∞, η2R →∞):(
q1
q2
)
≈
(
A3−1
A3−2
)
k3Rsech
(
η3R +
R7 −R4
2
)
eiη3I , (B.3a)
(
A3−1
A3−2
)
=
(
eτ11
eτ12
)
e−
(R4+R7)
2
(k3 + k∗3)
. (B.3b)
(ii)After Collision (limit z → +∞)
(a) Soliton 1 (η1R ≈ 0, η2R →∞, η3R →∞):(
q1
q2
)
≈
(
A1+1
A1+2
)
k1Rsech
(
η1R +
R7 −R6
2
)
eiη1I , (B.4a)
(
A1+1
A1+2
)
=
(
eτ31
eτ32
)
e−
(R6+R7)
2
(k1 + k
∗
1)
. (B.4b)
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(b) Soliton 2 (η2R ≈ 0, η1R → −∞, η3R →∞):(
q1
q2
)
≈
(
A2+1
A2+2
)
k2Rsech
(
η2R +
R6 −R3
2
)
eiη2I , (B.5a)
(
A2+1
A2+2
)
=
(
eδ61
eδ62
)
e−
(R3+R6)
2
(k2 + k∗2)
. (B.5b)
(c) Soliton 3 (η3R ≈ 0, η1R → −∞, η2R → −∞):(
q3+1
q3+2
)
≈
(
A3+1
A3+2
)
k3Rsech
(
η3R +
R3
2
)
eiη3I , (B.6a)
(
A3+1
A3+2
)
=
(
α
(1)
3
α
(2)
3
)
e−
R3
2
(k3 + k∗3)
. (B.6b)
The various other quantities are defined below:
eδ1j =
(k1 − k2)(α
(j)
1 κ21 − α
(j)
2 κ11)
(k1 + k∗1)(k
∗
1 + k2)
, eδ6j =
(k2 − k3)(α
(j)
2 κ33 − α
(j)
3 κ23)
(k∗3 + k2)(k
∗
3 + k3)
, j = 1, 2,
eτ1j =
(k2 − k1)(k3 − k1)(k3 − k2)(k
∗
2 − k
∗
1)
(k∗1 + k1)(k
∗
1 + k2)(k
∗
1 + k3)(k
∗
2 + k1)(k
∗
2 + k2)(k
∗
2 + k3)
×
[
α
(j)
1 (κ21κ32 − κ22κ31) + α
(j)
2 (κ12κ31 − κ32κ11) + α
(j)
3 (κ11κ22 − κ12κ21)
]
,
eτ3j =
(k2 − k1)(k3 − k1)(k3 − k2)(k
∗
3 − k
∗
2)
(k∗2 + k1)(k
∗
2 + k2)(k
∗
2 + k3)(k
∗
3 + k1)(k
∗
3 + k2)(k
∗
3 + k3)
×
[
α
(j)
1 (κ22κ33 − κ23κ32) + α
(j)
2 (κ13κ32 − κ33κ12) + α
(j)
3 (κ12κ23 − κ22κ13)
]
,
eR1 =
κ11
k1 + k
∗
1
, eR3 =
κ33
k3 + k
∗
3
,
eR4 =
(k2 − k1)(k
∗
2 − k
∗
1)
(k∗1 + k1)(k
∗
1 + k2)(k1 + k
∗
2)(k
∗
2 + k2)
[κ11κ22 − κ12κ21] ,
eR6 =
(k3 − k2)(k
∗
3 − k
∗
2)
(k∗2 + k2)(k
∗
2 + k3)(k
∗
3 + k2)(k3 + k
∗
3)
[κ22κ33 − κ23κ32] ,
eR7 =
|k1 − k2|
2|k2 − k3|
2|k3 − k1|
2
(k1 + k∗1)(k2 + k
∗
2)(k3 + k
∗
3)|k1 + k
∗
2|
2|k2 + k∗3|
2|k3 + k∗1|
2
× [(κ11κ22κ33 − κ11κ23κ32) + (κ12κ23κ31 − κ12κ21κ33)
+(κ21κ13κ32 − κ22κ13κ31)] ,
14
and
κil =
∑2
n=1 α
(n)
i α
(n)∗
l
(ki + k∗l )
, i, l = 1, 2, 3.
Appendix C. Explicit expressions of A
2−
1,2 and A
3+
1,2
(
A2−1
A2−2
)
=
1√
|α
(1)
2 |
2 + |α
(2)
2 |
2
(
a1
a∗1
)(
κ12κ22
κ21κ11
) 1
2
(
N2−1
D2−
N2−2
D2−
)
, (C.1a)
(
A3+1
A3+2
)
=
(
α
(1)
3
α
(2)
3
)
1√
|α
(1)
3 |
2 + |α
(2)
3 |
2
, (C.1b)
where
N2−1 =
∣∣∣∣ α(1)1 α(1)2κ11 κ21
∣∣∣∣ , N2−2 =
∣∣∣∣ α(2)1 α(2)2κ21 κ11
∣∣∣∣ , D2− =
∣∣∣∣ κ11 κ21κ12 κ22
∣∣∣∣
1
2
,
a1 = (k1 + k
∗
2)
[
(k1 − k2)
(
α
(1)∗
1 α
(1)
2 + α
(2)∗
1 α
(2)
2
)] 12
,
κil =
α
(1)
i α
(1)∗
l + α
(2)
i α
(2)∗
l
(ki + k
∗
l )
, i, l = 1, 2.
In the above, ∗ represents the complex conjugation.
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S1
S2
S3
S1’S2’
S3’
S3’’
Figure C.1: Collision picture of solitons S1, S2 and S3.
Figure C.2: COPY gate: Copying “1” state from the input of soliton S2 to the output of
soliton S3 with α
(1)
2 > α
(2)
2 .
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Figure C.3: COPY gate: Copying “0” state from the input of soliton S2 to the output of
soliton S3 with α
(1)
2 < α
(2)
2 .
Figure C.4: NOT gate: Flipping “1” input state in soliton S2 into “0” output state in
soliton S3 with α
(1)
2 > α
(2)
2 .
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Figure C.5: NOT gate: Flipping “0” input state in soliton S2 into “1” output state in
soliton S3 with α
(1)
2 < α
(2)
2 .
Figure C.6: ONE gate: “1” input and output states in solitons S2 and S3, respectively
with α
(1)
2 > α
(2)
2 .
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Figure C.7: ONE gate: “1” output state in solitons S3 and “0” input state in soliton S2
with α
(1)
2 < α
(2)
2 .
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